INTRODUCTION
Patients who have experienced cerebral ischaemic events are at high risk for recurrent ischaemia 1 and other cardiovascular events. 2 3 Identifying those at highest risk may improve individualised secondary preventive measures. Clinical risk scores like the Essen Stroke Risk Score (ESRS) or Stroke Prognostic Instrument 2 (SPI-2) have been developed [4] [5] [6] and validated [7] [8] [9] [10] [11] for this purpose. They are valuable tools for prognosticating future risk to patients and families and for risk stratification for clinical trials. Differential recommendations for secondary prevention have been based on these scores. 5 12 Although these tools are therefore clinically useful, their predictive value is moderate 11 with room for further improvement.
Plasma biomarkers have been widely investigated for diagnostic and prognostic purposes in cardiovascular patient populations. A number of markers have been investigated in stroke patients 13 and several were found to be predictive of recurrent vascular events including stroke. Markers of inflammation such as C-reactive protein (CRP) or IL-6 and markers of procoagulation such as D-dimer or fibrinogen, 14 15 however, are not specific for vascular disease and none of these was deemed predictive enough to be used in clinical practice recommendations. More recently introduced markers offer potential technical advantages such as the measurement of biologically more stable precursor peptides or assays with higher sensitivity, and the combination of several markers in a multimarker approach may possibly improve prognostication. [16] [17] [18] We investigated the value of five novel cardiovascular biomarkers in comparison with and in addition to established clinical risk scores to predict adverse cardiovascular outcomes in an unselected cohort of patients with cerebral ischaemia in the observational Find-AF trial.
METHODS Patients
Find-AF was a monocentric prospective observational trial (ISRCTN46104198) that recruited consecutive patients presenting to the emergency department of University Hospital Göttingen between March 2009 and February 2010 with symptoms of stroke or transient ischaemic attack (TIA). The primary objective of Find-AF was the identification of factors associated with paroxysmal atrial fibrillation to guide diagnosis and therapy. Details of the study design have been published previously. 19 20 For the present analysis, all patients were included who did not have documented atrial fibrillation (by history, admission ECG or on 7-day Holter monitoring) and completed follow-up.
Find-AF complies with the Declaration of Helsinki, the protocol was approved by the Open Access Scan to access more free content responsible ethics committee at the University of Göttingen, and all patients gave written informed consent.
Biomarkers
Blood was drawn from patients as early as possible on presentation to the emergency department, immediately centrifuged and stored at −80°C for later analysis. A set of five biomarkers was selected that have been shown to be prognostic for cardiovascular events in populations with stroke or other manifestations of atherosclerosis, mostly acute coronary syndromes (ACS). Three of these are indicative of cardiac haemodynamic stress (N-terminal pro brain natriuretic peptide (NT-proBNP), 21 22 N-terminal pro atrial natriuretic peptide (NT-proANP) 23 24 and growth differentiation factor 15 (GDF-15) 17 25 ), while the other two are released by myocardial necrosis (high-sensitivity troponin T (hsTropT) 26 27 and heart-type fatty acid binding protein (h-FABP) 28 ). All markers were measured in EDTA-plasma: GDF-15, hsTropT and NT-proBNP by an electrochemiluminescence assay on an Elecsys analyser (Roche Diagnostics, Mannheim, Germany); BNP by sandwich-immunoluminescence assay on a Centaur analyser (Bayer Vital, Leverkusen, Germany); and proANP manually by an enzyme-immuno assay (Biomedica, Vienna, Austria). Except for GDF-15, 29 all assays are commercially available. Measurements were kindly performed at Roche Diagnostics, Mannheim, Germany, blinded to clinical and outcome data.
Study procedures and endpoints
Clinical characteristics were recorded using a standardised questionnaire. Comorbidities relevant for this analysis were assessed on presentation and as judged by the enrolling physician (eg, arterial hypertension when the patient reported a history of hypertension or were prescribed antihypertensives such as ACE inhibitors with no alternative indication). All patients received a carotid ultrasound and cerebral scan (CT or MRI) and were treated in our certified stroke unit for at least 24 h. As previously described, paroxysmal atrial fibrillation was diagnosed by 7-day Holter monitoring (CardioMem CM 3000, GETEMED Medizin-und Informationstechnik, Teltow, Germany). 19 Patients were followed up after 3 months by telephone and after 12 months in a clinical visit. Patients unable to attend a clinical visit were either visited at home or followed up by telephone for endpoints, presence of atrial fibrillation, Modified Rankin Scale and current medication. For patients unable to answer themselves first degree relatives or their primary care physician were questioned.
Clinical endpoints that were prospectively assessed in the case report form in Find-AF were the occurrence of stroke, TIA, ACS, coronary revascularisation by bypass grafting or percutaneous intervention, revascularisation of peripheral arteries, cerebrovascular revascularisation, hospitalisation for heart failure, hospitalisation for other causes and death. Aetiology of death was adjudicated by the authors, blinded to biomarker values, to be cardiovascular or non-cardiovascular. For all endpoints reported, original documents were obtained from primary care providers or treating hospitals for validation.
Definitions and statistical analyses
The present analysis was not prespecified and was performed post hoc. A combined cardiovascular endpoint of stroke, ACS or cardiovascular death was constructed (referred to as 'vascular events' throughout this manuscript), because such an endpoint has previously been used for the development of cardiovascular risk scores, and because its components are representative of the same pathophysiological domain (triggering similar secondary preventive measures) and could be considered to be of approximately similar importance from a patient's perspective with regard to decisions concerning secondary preventive measures, for example, aggressive lifestyle modification.
ESRS and SPI-2 were retrospectively calculated from the individual components prospectively assessed on presentation. ESRS and SPI-2 have been shown to have predictive power similar to that of more sophisticated regression models. 11 The availability of their individual components and the simple scoring system promote their broad clinical application. Briefly , ESRS allocates one point each for the risk factors age 65-75 years, hypertension, diabetes mellitus, active smoking, history of myocardial infarction, other cardiovascular disease, peripheral artery disease or cerebral ischaemic event prior to the index event and two points for age >75 years. SPI-2 allocates one point for hypertension or coronary heart disease, two points for an index event of stroke (vs TIA) or age >70 years, and three points for diabetes, a prior history of stroke or heart failure. An ESRS>2 is considered high risk, while an SPI-2 score of 0-3 points is considered low, 4-7 intermediate and 8-15 high risk.
Continuous measurements are given as means±SD, unless otherwise stated, and categorical data as absolute count (percent). hsTropT values below the sensitivity threshold (3 pg/ml) were replaced by 1.5 pg/ml. Group comparisons of continuous variables were performed using t tests for independent samples and MannWhitney U tests. Proportions were compared using χ 2 tests and Armitage's trend test where appropriate.
The occurrence of mortality and vascular events was depicted using Kaplan-Meier survival curves. HRs were estimated by Cox proportional hazard models and risk scores were calculated with estimated coefficients using exp{−sum (X×β)}. The concordance index (c-statistic) 30 calculated by R-package survcomp measures the predictive performance of ESRS, SPI-II and hsTropT and their combinations. Risk estimation by ESRS or SPI-2 reflects recommended clinical practice and we therefore considered increasing the incremental predictive value of these models as clinically relevant. To investigate the additive predictive value of hsTropT in combination with ESRS, SPI-II or NIH-SS (as the most strongly associated indicator of stroke severity in our cohort), we fitted lg(hsTropT) to base models constructed for each individual score and estimated improvement of the base model by −2log(likelihood). Similarly, we constructed a base model for lg(hsTropT) and added each clinical score individually to assess how much prediction by hsTropT would be improved by the addition of the clinical scores. Estimated predicted probabilities allowed classification in discrete risk groups. Incremental discriminatory ability was further assessed by an integrated discrimination index (IDI) 31 using the above-mentioned risk categories. Due to a non-normal distribution, marker values were log-transformed before being entered into generalised linear models.
All statistical analyses were performed with IBM SPSS Statistics V.18 and V.19 unless otherwise stated.
RESULTS
Two hundred and eighty-one patients were included in Find-AF. One withdrew informed consent. Four were lost to follow-up. In eight patients the final diagnosis for the index event was other than cerebral ischaemia. Seventy-one patients were excluded from the present analysis due to documented atrial fibrillation on baseline ECG (n=42) or 7-day Holter ECG (n=29, one of whom had a previous history of paroxysmal atrial fibrillation). Among the analysis population of 197 patients, 148 (75.1%) attended the clinical 1-year follow-up, 45 (22.8%) underwent telephone follow-up (including relatives of nine patients who had died between 3 months and 1 year), and four (2.0%) had died before the 90-day follow-up. Baseline clinical characteristics are shown in table 1.
After a median follow-up of 368 (IQR 358-378) days, there were 23 vascular events as defined above. Thirteen patients died, six from cardiovascular causes. As one patient died from stroke, the sum of the individual components of the vascular endpoint listed in table 1 is 24.
hsTropT and GDF-15 were significantly elevated in patients with an adverse vascular 1-year outcome. In univariate Cox CRP, C-reactive protein; DBP, diastolic blood pressure; E/e 0 , index indicative of cardiac filling pressures; ESRS, Essen Stroke Risk Score; HDL, high-density lipoprotein; hs-Troponin T, high-sensitivity troponin T; LDL, low-density lipoprotein; LV-EF, left ventricular ejection fraction; Major stroke, deficit persisted after 30 days and increased NIH-SS by >3 points; Minor stroke, resolved completely within 30 days or change in NIH-SS of ≤3 points; NIH-SS, National Institutes of Health Stroke Scale; SBP, systolic blood pressure; SPI-2, Stroke Prognosis Instrument 2; TIA, transient ischaemic attack; T symptom onset , time from symptom onset to study inclusion.
regression, hsTropT ( p<0.001), h-FABP ( p=0.023) and GDF-15 ( p=0.009) were predictive of an adverse vascular 1-year outcome, while hsTropT ( p<0.001), GDF-15 ( p=0.007) and NT-proBNP ( p=0.050) were associated with total mortality (an association with h-FABP was barely insignificant: p=0.051) (receiver operating characteristic (ROC) curves for individual markers are shown in figure 1) . When all markers were combined in multivariate Cox regression, only hsTropT was independently predictive for both vascular outcome ( p=0.045) and total mortality ( p=0.004). We focused on hsTropT as an individual marker because it was by far the most strongly predictive in univariate analysis. hsTropT was measurable above the limit of detection in 115 (59.9%) patients, and 48 (24.4%) had an hsTropT level above the upper limit of normal (ULN) of 14 pg/ml. The median value was 6.15 (IQR 3.00-13.9) pg /ml. All endpoints occurred more frequently in the group with hsTropT above the median (table 1) .
Vascular risk
The HR for the time to a first vascular event was 3.86 (95% CI 1.43-10.4) ( p=0.008; figure 1A) for patients with hsTropT above versus below the median. When dichotomised according to the ULN, the HR was 2.20 (95% CI 0.949-5.07) ( p=0.066; figure 1A ). When clinical scores ESRS, SPI-2 or NIH-SS were added as a covariable to a Cox regression model based on lg (hsTropT), only SPI-2 significantly improved the predictive model for vascular events (table 2A) . Accordingly, when base models were built from each of the clinical scores, the inclusion of lg(hsTropT) as covariable strongly and significantly improved prediction (table 2B) .
The c-statistic to predict vascular events was 0.710 (0.608-0.811) for hsTropT, 0.695 (0.567-0.822) for ESRS and 0.699 (0.587-0.810) for SPI-2. When clinical scores were combined with hsTropT, the c-statistic improved to 0.747 (0.651-0.843) (p=NS) for ESRS plus hsTropT and to 0.763 (0.672-0.855) (p=NS) for SPI-2 plus hsTropT (see the ROC curves in figure 3A) . As regards reclassification, IDI was 5.5% (p=0.237) when hsTropTwas added to ESRS and 21.9% (p=0.006) when hsTropT was added to SPI-2. Not a single patient in the low-risk category of ESRS (≤2) and with hsTropT below the median and only two patients (3.3%) with ESRS≤2 and hsTropT<14 pg/ml experienced a vascular event during follow-up (table 3) . Results were similar when we included the patients who had been diagnosed with atrial fibrillation at baseline, with significant improvement in predictive models based on the clinical scores, albeit the HR for patients with an elevated hsTropT tended to be lower (HR 2.64 for patients above versus below the median, p=0.028) and the c-statistic was lower (0.670; 0.569-0.771).
All-cause mortality
The HR for all-cause mortality for patients with hsTropT above versus below the median was 5.95 (1.32-26.9) ( p=0.020 log-rank test; figure 1B) and 3.82 (1.28-11.4) with hsTropT above versus below 14 pg/ml ( p=0.016; figure 1B) . lg(hsTropT) strongly and significantly improved Cox regressional predictive models based on clinical scores for all-cause mortality (table  2B) , while a predictive model based on lg(hsTropT) was slightly improved by SPI-2 and NIH-SS only (table 2A) figure 3B) . IDI was 9.4% ( p=0.102) when hsTropT was added to ESRS and 31.3% ( p<0.001) when hsTropT was added to SPI-2. Again, no patient with hsTropT below the median and ESRS≤2 and only one patient with ESRS≤2 and hsTropT<14 pg/ml died during follow-up. As for vascular events, the predictive power of hsTropT was slightly lower when we included patients with atrial fibrillation (HR 3.46, p=0.057, for hsTropT above versus below the median, prediction by scores all significantly improved by hsTropT).
DISCUSSION
We find that in patients with cerebral ischaemia, hsTropT is elevated in those with future vascular events or death, and that it is predictive for these events beyond established clinical risk scores. This single biomarker appears to carry prognostic information comparable to that of clinical risk scores composed of several variables.
Prognostic biomarkers in cerebral ischaemia and methodological considerations
Numerous potentially prognostic markers have been investigated in patients with cerebral ischaemia with varying success. 13 23 32-34 Many of the studies had small sample sizes and limited follow-up, 13 focused on all-cause mortality and functional outcome rather than cardiovascular risk, and did not correct for established clinical risk scores. Recently, however, large welldesigned studies have reported more novel cardiovascular markers to be predictive for all-cause mortality and functional outcome in stroke patients. 21 23 32-34 Although undeniably the most important outcome for the patient, all-cause mortality is not disease-specific and the translation of an increased risk into specific preventive measures may be challenging as a result. We therefore chose pathophysiologically linked vascular events as the combined primary endpoint for our analysis. An increased risk for vascular events may be targeted by anti-atherothrombotic therapies such as antiplatelet administration, lipid-lowering drugs or lifestyle modification. In comparison with previous studies, several factors make our analysis methodologically suitable for identifying a new biomarker, for example, marker measurement blinded to clinical variables and outcome, consecutive enrolment of unselected cases, multivariate analysis with the incorporation of established clinical risk scores, a defined enrolment period, prospective definition and assessment of data and all endpoints, comparison of five novel cardiovascular biomarkers in order to select and benchmark that with the strongest predictive value, and the reporting of reclassification indices. 35 We also assessed atrial fibrillation using a highly sensitive diagnostic method 19 and excluded affected patients (who need a different secondary prevention strategy) from our analysis which focused on atherosclerotically driven cardiovascular prognosis. In fact this may explain the lack of prognostic value shown by NT-proBNP in our study, contrasting with a recent multimarker analysis 21 that may have included patients with elevated NT-proBNP due to undiagnosed atrial fibrillation (by itself limiting prognosis). As highly sensitive methods for the detection of atrial fibrillation may not be used in current clinical practice, we repeated our analyses for all patients including those with atrial fibrillation, and found largely similar results.
With regard to the prediction of vascular events instead of general functional outcome, the literature on biomarker approaches is limited for stroke patients, although the ESRS and SPI-2 both show similar accuracy in predicting stroke recurrence compared to other vascular events. 7 11 As we targeted cardiovascular pathology, we limited our analysis to cardiovascular markers representing different pathophysiological domains. Although several markers were predictive for an adverse outcome in univariate analysis, hsTropT was the strongest predictor for both vascular events and all-cause mortality and the only marker that remained significantly predictive in multivariate analysis. We acknowledge, however, that our analysis is underpowered to unravel smaller increments in prediction achieved with marker combinations or comparisons with established markers such as D-dimer, CRP or fibrinogen. 14 15 GDF-15, for example, was elevated in patients with an adverse outcome, was predictive for functional outcome after 90 days in another cohort 36 as well as in our own, 37 and might well have been found to be incrementally predictive in a larger cohort with a greater number of events .
Troponins for outcome in patients with cerebral ischaemia
Before the advent of highly sensitive troponin assays, an association between troponin elevation and mortality was repeatedly reported (reviewed in Kerr et al 38 ) , although the independent predictive value of troponin was addressed in two studies only and none investigated reclassification. Our observation that hsTropT is independently predictive in patients with cerebral ischaemia confirms these reports by using a highly sensitive assay that allowed for the detection and quantification of troponin values in the normal range in a large proportion of the study sample. The approximately 25% of patients with troponin values above the ULN is well in line with older reports on standard troponin assays. The mechanism of troponin elevation in acute stroke patients has been debated but remains unclear. 38 One explanation could be the coexistence of acute cerebral ischaemia with cardiac ischaemia and infarction. In fact, ischaemic changes shown on ECG are found more often in stroke patients with elevated troponin than in those without. 38 In this sense, some of our patients might actually have undergone non-ST elevation myocardial infarction at the time of presentation. However, because marker values were determined post hoc, we cannot secure or rule out a diagnosis of myocardial infarction. It should be noted in this context that nearly all the outcome events occurred more than 2 weeks after presentation and only one fourth were ACSs. This argues against the otherwise tempting speculation that hsTropT was predictive for vascular events because patients already had an ACS on presentation that was missed at that time and diagnosed after some delay. As a second mechanism, raised troponin values have been described as due to elevated sympathoadrenal activation after insular strokes with consecutive patchy cardiomyocyte necrosis. 39 In this sense, troponin would be a surrogate for insular strokes, but it remains unclear why it should then be predictive for future vascular events. More likely explanations for troponin elevation after cerebral ischaemia and its association with future vascular events are, on the one hand, subtle myocardial ischaemia at Figure 2 Kaplan-Meier plots for (A) survival free from vascular events and (B) overall survival according to high-sensitivity troponin T above or below the median and above or below the upper limit of normal. presentation due to acute haemodynamic and autonomic nervous derangements at the time of stroke. These perturbances might, if severe enough, lead to troponin release by themselves or, in certain patients, in combination with pre-existing, albeit previously subclinical, cardiac disease (mainly coronary artery disease and heart failure). Secondly, troponin levels in the normal range are associated with cardiovascular risk, even without elevations beyond the ULN. 40 These measurable troponin levels are likely a result of cardiomyocyte necrosis and apoptosis 41 and may therefore be a sensitive marker of cardiac physiology and potentially result from different subtle clinical derangements that stress the heart but are otherwise difficult to quantify due to their heterogeneous nature. Such a function is supported by the observation of an association between troponin levels in the normal range and different cardiovascular risk factors and subclinical atherosclerotic disease. 42 Further insight into the link between troponin elevation and recurrent events might be gained by comparing the predictive power of troponin levels between different aetiological subgroups (eg, according to the TOAST classification). The numbers in our cohort, however, are too small for such an analysis. Whatever the reasons for troponin elevation in stroke patients, the mechanisms described suggest a biological rationale for our observation that hsTropT levels have a prognostic value in stroke patients.
Clinical relevance and perspective
Although clinical risk prediction scores have been repeatedly validated and are therefore established prognostic tools for patient management in cerebral ischaemia, their predictive value is only moderate. 11 Commercially available biomarkers like hsTropT are highly standardised and reproducible surrogates for biological processes that are extremely objective and easy to interpret when physicians are provided with clear rules on their use. Due to their high degree of standardisation, they allow for comparisons across different settings (eg, different countries or trials). We therefore believe that our data on the prognostic value of hsTropT levels in patients with cerebral ischaemia indicate a future role for this biomarker as a prognostic tool for both clinicians and clinical researchers. 
Limitations
While our cohort is large enough to reveal the statistically significant predictive value of hsTropT for cardiovascular risk assessment in patients with cerebral ischaemia, it is too small to derive clear cut recommendations on the optimal use of hsTropT in risk assessment. Consequently, validation in a large cohort of patients with cerebral ischaemia is urgently needed and should be a high priority future project. The differences in most measures of reclassification, although numerically uniformly favouring hsTropT, were not significant. Our pilot analysis is limited by sample size and event rate in our cohort, which was designed for a different purpose. Furthermore, the present analysis was not predefined and was performed post hoc. Prospective validation of our results in a large-scale cohort will therefore be crucial. Of note, c-statistics were not only consistently numerically improved when hsTropT was combined with ESRS or SPI-2, but were also all numerically higher for hsTropT alone, as compared to ESRS or SPI-2 alone.
SUMMARY
In summary, we show that hsTropT has predictive value for future vascular events beyond established clinical models in acute cerebral ischaemia. Our data warrant validation in larger cohorts to establish the optimal method of integrating hsTropT levels into risk assessment. Better risk prediction will lead to an improvement in risk-tailored secondary preventive measures and ultimately in outcomes for these patients.
